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Thermal Properties of Aluminum Oxide From
0% to 1,200° K

George T. Furukawa, Themas B. Douglas, Robert E. McCoskey, and Defoe C. Ginninga

Accorale mcasuromonts of the heat capacity of a-sluminum oxlde {eorandum) from
13* to L1T0® K are deseribed.  An pdisbatic calerimeter wes used from 13° to 380° K anpd

# drop methad was wsed with & Bunaen bsa calorinveter from 273% o 1, 170° K.

Tha recults

are eompared in the rapge 275° to 380° K, where the two methods overlap,  From che daca,

anaothed values of the heax oAl
L3 K wra derlved and tabuolated.

}. Introduction

One of the fundamental functions of the National
Bureau of Standards is to devalop new standards as
the need siizses, As the szelence of thermodynamice
agaumes new import in modern technology, the need
for calorimetric standards becomes urgent, At the
meeting on April 21, 1848, ike Fourth Cenference on
Low Temperature Calurimel:g ' ponsidered  this
prohlem of ealorimetric standards and recommended
three materials Lo serve as heat-capacity standards
over a wide temperature range. Theze materiala
ware benzoic acid (109 to 350° K}, n-heptane (]l{l]‘“
to 300° K}, and «-aluminum oxide (107 to 1,800° K),
The Bureav was asked to prepars very pure samplea
of thesc meteriglz which would be availeble to thoza
lahoratories interested in very precise measurements
of heat eapacity, By having samples of any one
spbatance taken from one source of very high purity,
it was hoped to have a means of comparing measure-
mentd made in different laboratories under different
experimente]l conditions. The Burean has prepared
samples of those three matcerials that arc not regarded
g& part of the Standard Sample series of the Burean,
but will be designated here as Caloripetry Conference
samples, and hes mado these availeble without charge
to a limited number of labaratoriea. Messurementa
have slready been made gt the Bureau on the
Calarimetry (Conference =ample of benzoie acid [1]2
normel heptane [2], and gluminum oxide, A brief
gemmary [3] of the results of these measurements
and detail: of the measerements on benzoic seid [1]
nod normal heptane [2] have been published in other
reports. It ia the purpose of the pressnt report to
give the compiets results of heat capacity measure-
ments on the Calorimetry Conference sample ot
agluminum oxide, which up to the Igrcaﬁ-.nt. have
coverad the range from 13° ko 1,173° K.

Aluminum  oxide in the form of corundum
{e=Ali()* has & pumber of properties that meke it

! Tha Conferagoa on Low Temparatare Calorimatry wan nmomed khe Caln-
rimwtry Conferenrg A the mesting beld on Septemnber &, 1950, ininderde inclinde
athwer filie of ealorimatry.
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ity, eothalpy, entropy, and Gibba free ensrgy from 0° to

idenl for & heat-capacity standard over a wide term-
ergture range. It i8 eommercially avaleble in the
orim of synthetic sapphire with impuritics present
in such smal] quantities that the heat capacity of the
sample should be the same ag that of & pare sample
within the aceurney of present calorimetric measure-
ments. The sapphire 1= a crystalline sclid without
known iransitions or changes of state up to its
nielting point (near 2 000° Cg [4)). 1t is nonvolatile
nonhygroscopic, and chemically stable in air, and
does not absorb carbon dioxide. Kxcept at the
lowest tamperatures, it has a high heat capacity per
unit volume. Tt is extremely d aod should be
free from mechgnical cffects such as strains dus to
cold-working, which causs amall but signifeant
changes in the thermal properties of metals, Tn
suminary, it appesr2 that the syothetic sapphire
should ba an excellent standard for heat-capacity
mogsurements over most of the temperstore ranga
up to its melting point,

The Burean has proviously made measurements
[4] ower the range 07 to 800° C on a sapphire sample
{not Calorimetry Clonference sample} in order to
determine tho suitability of the material as & stand-
nrd. The measurements degeribed in the present
repatt are on the Calorimetry Conference sample and
congist of two independent calorimetric investigations
using entircly different methods and apparatusfor the
low- and high-temperature ranges. the ran
13% to 330""%(, an adisbatic calorimeicr was usad.
In the range 275° to 1,170° K, a “drop™ calorimeter
was used, similar to the earlier high-temparature ex-
periments [5, 8] exeept that an entirely new gnd im-
proved appatatus was used,

2. Sa.mple

The aluminom oxide sample investigated was
colorless synthetic sapphire (corundum) and was
a portion of the material preparcd for the Calorim-
etry Conference by F. W, Schwab ¢ of the Chemistry
IMvision at the Bursan. This muterial, originally
purchased from the Linde Air Products Company
in the form of split boules, was coated with a ]Emrd
opague form of aluminum oxide which was removed
by immersing in fused potassium pyrosulfstc. Fol-
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lowing thiz cleaning process, a porticn (about one-
fifth of the boules was examined by C. P, Savler
of the Bureau for inelusions, and the totel volume
of the inclusions was estimated to be less than 1
part. per million of the volume of the aluminum
oxde cryatals.

The cleaned boules were crushed, and about 85
percent of the material was collected in particle
sizea hetween 0.02 and 0.08 m. The impurities
from the crushing and sicving processes were re-
moved by digesting in hot hydrechlorie acid. The
material was then thoroughly washed and dried at
ahout. 300° {l;_) Thi=z duct EhuwaEdG 1o ]inss in
weight on aubsequent drying at 118 or heating
forlgz houre at [LEI]U“ C. nﬂI‘o obtain tho higheat
degree of uniformity in sll samples, all the material
was thoroughly mixed in & large bottle and pack-
aged in 70-¢ units of about 30 ml volume. Later
gome of these 70-¢ unity were divided into smaller
units.

trographic analysez made by B. F. Seribner,
of the Bureau, of a sample from: one of the packaged
70z units indicated Lhe purity to be between 90,08
anf 99.99 percent by waight. The only impurities
present in guantities ter than trace amounis
were silicon, 0.005 percent; iron, 0.005 percent; and
chromium, 0.002 peccent, It seems likely that the
mnpurities present would not affect the heat capac-
ity of the sample by more than .02 percent in the
temperature range covered by the messurements
described in this paper.

3. Low-Temperature Calozrimetry
3.1, Msthod and Apparctus

The hest-capacity mmeasurements in the low-
temperature range, from about 13” Lo 380° K, were
made by means of an adiabaiic calorimeter of a

design similar to that described by Southard nnd
Brickwedde [7}. Details of the design and opera-
tion have i describ-e:f 8. Bnefy,

heen prevlouslf :
the aluminum-oxide sample was sesled in & copper
samplc container of about 125-em® capacity. In
order to atiain B rapid thermal equilibrium, tinmed

er vanes were arranged radislly from s eentral
well to the outer wall of the container and held in
place by a thin coating of pure lin a.le-]iEd to the
mner surfaces. A small guantity of helivm gas
was also sealed with the sample to increasc the rate
of thermal equilibtium. The central well contained
& heater-platinum resistance thermometer assembly.
The outer surface of the container and the adjacent
inner surface of the adiabatic shield, within which
the conteiner wns placad, were gold plated and
polished to minimize radiative heat teansfer, The
spoce sutrounding the contsiner and shield was
avpcuated fo m preseurs of 107% mm Hyp or less to
make negligible the heat transfer by eonduction
and convection, Puring the heat-capacity experi-
ments the temperature of the shield was {;ept the
same as that of the container surface by means of
shield heaters, manuelly controlled, and constantan-
chromel-F differential thermocouples. Two sets of

thermoeonples, one of three junctions and the other
of two, and three individual heaters were used in
the conirol of Lthe shield temperatove

The electrics]l power input wes megsured by masns
of & Wenner potentiometer in conjunction with &
standard cell, volt box, and standard resistor. The
tirme interval of heating was messured by means of &
precision interval timer operated on o standard fre-
quency of 60 cp3 furnishad by the Timeo SBection of the
Bureau. Tha timer was compared periodically with
standard second sighals and found o vary nof more
than 0,02 ser per heating period, which was never
less than 2 min, Temperntures were measured by
means of a8 platinum-resistance thermometer end &
Ligh-precision Mueller bridge. The platinum-re-
sistance thermometer wasz celibrated sbove 90°K in
accordance with the 1948 Internntional Temperature
Benla [9], and between 107 and 90°K with a provi-
aional scala [10], which i maintained by a =et of
pletinum-resistance thermometers which hed been
eompared with a helium-gas thermomeater. The
provisicnnl acele as usad in the ealibration of the
thermometer when the messurements reported in
this paper were mnade was basad upon the walpe
273.18°K for the ice polnt nsnd 90.19°K for the
temperature of the oxyzen Epuint. Above 0K, the
ternperatures in degress Kelvin were obtained by
adding 273.16 deg to the temperatures in degrees
Celsius (Internafional Temperature Scale of 1948
[9]3.% All eleciric instruments and accesiorTy appa-
ratus were ealibrated at the Boreau.

3.2, Heat-Copacity Measurements

Tha heat~capacity measurements on aluminum
oxide were made from about 12° to 380°K in sample
contsiner A and calorimeter (G. Tha container and
calorimetar were previcusly used in the heat-capacity
investigation of benzoic acid [1]. Two sets of meas-
ureinents were made, ong on the container filled with
sample snd the other on the empty container. To
minimize the correction for curvature, the heal-
capacity measurenients wers closely spaced wheraver
the eurvatores was large. (denerally, the temperature
change per heating interval was about 1 to 3 deg
halow 30°K, 3 ta 6 dee from 20° to 837K, and 5 to 10
deg above 207K, werever significant, the curve-
ture correction was applied according to the rela-
tiom [12]:

2z

zrm=Q,-’ﬂT—(aT_, {ATE a2y (AT)

r, 24 \OTY, 19207

(1}

where Zp iz the corrected beat cepacity of the
contfainer plus sample or of the empty container at
the mean temperature T of the ﬂeating interval
AT and ¢ 13 tia eleciric energy added. In evalu-
ating this equation, the derivatives of £ with reapect

b At the Tanth Qeaem] Cogferenion heldl in 10, the Qenersl Coolerencs n
Wrightsnpl Menms whypted 8 new definitlon of th thermed ynamic tempers-
tuyme seole hy pedgning the teaopeutgme 2393167 K b Lthe imiphepalnt teqopesature.
of wutee, T clebiil regarding tha sibgrlkin of thix newr sebe, @e emnes [111,

The prowlsivmal beroperablere gioade as 58 is peeseoily wain tpioed n the Hatlog
Bursan of Btandards, sd relerred bo o depnees f{NBE—iNU.'l, i pumeriendlr
0.4 deg Iowwer Lban Lhe Locoier MBS acale [10].




to T were replaced by the derivatives of QAT
obtained from numerical differentistion of ths tahle
of QfaT given at equally spaced iotegrel tempers-
tures. ‘The last term inwolving the fourth devivative
of Z was found to bhave neghgible cfact npon the
obzerved heat-capacity values of the present meas-
urements.

In both sets of measurements the obaerved heat
capacilies, corrected for curvature, wore plotted on a
large scale ss deviations from approximate empirical
equations, The smoothed heat capacities at equally
spaced integral teioperatures were then obtained by
combining smooth deviation curves and empirical
cquations. Nei heat capacities (hent capacities of
samploe alone) were obtained by subtracting the
tabulated heat capacities of the empty coatainer
from those of the container plus suraple at the corre-
sponding even temperatures. As the mass of the

sample container was slightly different for the two
sets of experimenta, hecouse of the differences in the
masses of eolder and of copper, a correction was
gpplied from known heat eapacities of copper, tin,
and lead, Tha heat-capeacity correction for the tin-
lerd soldsr used in the eriments waa based on
the assumption of additivity of the heat capacitics
of lead and tin. A small correction was apphed also
for the heat capaeity of the haliom gas used in the
eontainer-pina-sample experiments.

Below 40° K, as in previous heat-capacity investi-
gations, bregularities were observed in the deviaticn
curves which were attributed to w possible pon-
linearity n the temparature scale. No atfempt was
made to smoath out thess irregularities, consaquently
the heat-capacity values piven in tabls 5 below 90° E
are nol smocth.
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The velees of heat capacity obtained were st
heltum gas pressure varying from 5 cm Hg at room
tamﬁemt.ure to about one-twentieth of this pressure
at the lowest temperaiure and to about 6 cm Hye at
the hiphest temperature. In the case of aluminum
oxide the conversion of the heat capacity to 1-abm
pressute makes negligible change. Therefore all
computsation and anelyses have been carried out as
if the measurementa were made at consiant 1-atm
Pressure. . .

Two separate series of hent-capaciby measyre-
ments, T and I1, conteining 225 6382 and 251.7015 ¢
of sample, respectively, were made to check the
raproducibility of the resulis obtsined. After one
geries of measurements, tha sample container was
removed from the calorimetor and waa emptied of

the sample, The contminer was refilled, pumped,
and resealed with heliun: gas and was replaced in the
calorimeter for the second series of measurements.
The conlainer was instilled in the calorioeter in as
neatly dentical conditions as gossible for all the
heat-caparcity measurements, including thoss on the
emply anmple container,

he measurements of serica I wers mede in the
temperature intervals 132 to 120° and 280° to I80°
K. and those of sartes IT in the interval B0° to 3580° K.
The principal data {with no curvature corrections)
from the heat-vapecity measurements on the empiy
container and from those of serics I and IT are gmiven
in tables 1, 2, and }, respectively.  In each rua, the
datn ara given consecutively a8 obfained and no
massuraments are omitted. The data given for tha
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TasLE 3. Prirefpal data far ihe low-temperature heat-capacify expertments
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Frovrs 4. Comparison of the smoothed wolues of the heat
capacify of sluminum artde abiained 0 e meosurements of
serfes Foand 11,
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empty contuniner are those obtained previously during
the hest-capacity investigation of benzoie aeid [1].
{As these dats have not been given previcusly they
ure reported, in this peper.) * gl‘he deviations of the
sxperimental heat-capacity values (corrected for
curvature) of the empty container from the smoothed
values, obtained according to the procedures outlined
earlier, are shown in figure 1. As the measuraments
of geries I and II contained different amounts of sam-
ple, lwo seta of percentage-deviation boundaries sre
shown in the figure, Siumilsr deviation plots for the
resuita of the measurements of series 1 and II nre
shown in figures 2 and 3, respectively. The deviation
botindarics showing the precision of the measure-
ments are given in torme of the net heat capacify.
The net heat capacities from the two series of meas-
urementa were sveraged wherever their temperatures
coincided to arrive at the heat-capacity values with
the low-temperature adisbatic calorimeter. The
smoothed valuea of the beat eapacity of sliminum
oxide for the two series are compared 1n figure 4.

3.3. Relickility and Comparizon of the
Low-Tempornture Baanlts

The sample container 4 and calorimeter {, in
which the low-temperature Leat-capacity measure-
ments on aluminum oxide deseribed in this paper
were made, were tested eatlier by defermining the
heat capacity of water from 274°% to 332° K. The
maximum variabion of 14 experiments on waber
was 002 percent from the very accurale values

reviously published by Osborne, Stim=on, and

inninga [13]. A comparison has been deseribed
previously [2] of the heat-capacity results obtained
on m-heptane, in 4 similsr calorimeter in which the
resulta with the maximum variation of 0.15
percent from  the values between 5° and 90° C
published hy Osborne and Ginnings [14]. In the
test experiments from 274% to 332° K with water

w Fipore 1 of this reforerece [1] shaukd e diregarded. ™ “The devation plot of the
copiaiser af Brother hoat-Capaity in vl o :ln.b:
t8a

IESEUTBNE0LY O #1L :{E&
Inadrartantly Initod . This ewversight, bawaver, does oot offect
glven o this reforence.

the heat capacity of the sample was about 2 to 3
times greater thon thet of the sluminum oxide
sample in the same tempereture ra Conze-
quently, any constant heat leak that may hava been
present would canse the ntage insceuracy in
the gluminum oxide experiments to be 2 to 3 tunes
greater than that of t]?:m water experiments. Be-
tween 5° and 90° (' the heat capacity of the aluminum
oxide sample was 30 fo 50 percent greater than that
of the n-heptane sample, but at 14® K the heat
capecity of the aluminum oxide sampls was only
one goe-hundredth of thet of the a-heptane sample.
The preciston of the low-temperature haat-capacity
measurements on aluminum, oxide i3 shown in the
deviation plots of figures 1, 2, 3, and 4. Figures
2 pnd 3 show that the procision of the messurements
of serics I and IT are about the seme. In figure 4,
although the two series of measurements were made
in the same calorimeter and contaimer end the con-
ditions in the calorimetric aystemn were made as
nearly identical as possible, the results deviate
slighily gnd systematically from cach other, those
of senies II in gencral being higher than those of
gerica 1. These small aystematie devistions are
attributed to the possibility that portions of thormo-
couple and electriz lead wires were in contact with
the container, resulting in small differcnces in the
hest capacity of the system. Also, there is a possi-
bility of smell errore in accounting for the shight
differonces in the mass of the contaimer for the dif-
ferent seriezs of measurements. The two scries of
results sre, however, in good ent.
(onsidering the preeizion obiained and various
known sources of systematic erver, the uncertainty
in the values of the heat capacity above 90° K waz
estimated Lo be 0.1 percent. Relow 90° K, the
uncartainty increases to much larger values from
various contributing factora. In the measurcments
of series I, the net heat capacity decreased from
about 43 percent of the gross a?lcntainnr plus sampla)
heat copacity at 00° K to 10 percent at 14° K. A
platinum resistance thermometer having 25.5 chms
at the ice point will be 0.036 ohm at 13° K and changes
in resistance by only 0.0059 ohm between 13° and
14 K. This difference at the best ean he determined
only to 0.00002 ohm or 0.003 deg. As given in table
2 the temperatare interval of heating in this region
was about 0.6 deg. The thermocouples uzed in
deteeting the temperature diffcrence between the
shield and ihe sample container beeoms very in-
sensitive at the lower temperatures, also the thermsl
conductivity of the copper leads i3 over 10 times
that al room tomperatute. Considering these factors,
g precizion of about 0.5 to 1 percent is all that can
be expected from the mcasurements ab the lowest
temperature (see fig. 2), consequently at 14% K the
hest-capeeity value obtaimed for sluminum oxide
ia believed to be uncertain by as much as 10 percent.
In figure 5 are compared varigus published heat-
capacity values of sluminum oxide with thosc of
the prosent measurements. The results of Parks
and Kelly [L5] are about 7 percent higher at 90° K
and 0.1 percent lower at 280° K. Tho results re-
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{Aose of ather tioeafigalors,
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portod bfr Simon and Swain [16] are generally higher
at the lower temperatures end lower at higher
temperatures, Except in the lowest temporatire
range, the values re]gnrted by Kor ef al. |17] are in
ﬁoo apreceitent. Hecently Morrison [18] mnade

eat-capacity measuremnenta on & sample of Calorim-
etry Conforence aluminum oxide, iz resulis are
in excellent agreement with the measurements pre-
sented in this paper.

4, High-Temperature Calorimetry
4.1, Method and Apparatus

The heat capacity measurements in the hieh-
temperature range {0° to 900° C) were made by the
“drop” method. In brief, this method is es follows,
The sample, sealed in ita container, is suspended in
a furnece until it comes to a constant known Lem-
perature, It ia then dropped into a Bunsen ice
calorimeter, which mensurcs the heat evolved by the
sample plus container in cooling to 0% C. In order
to account for the heat capacity of the container and
the heat lost during the drop, a similar experiment
is made with the smpty container at the same tem-
Eemture. The difference beiween the two valoes of

eat iz p measure of the change in enthalpy of the
samiple between 0° O and the Lemperaturs in the
furnace. From enthalpy values of the sample so
determined, for & series of temperatures, the heat
eapacity can be derived,

Many of the details of the ice ealorimeter and
furnace and their operation have been piven in pre-
vious publications E’:, 6, 19], More deteils will be
given here, in addition to a repatition of somn details
given earhier, because reprints of an carlier publica-
tion [19] are no longer available, Figure 6 shows &
achematic dﬁram of the furnece and iee ealorimoter,
A centrel well, A made of an alloy having low ther-

Fi .

mal conductivity, iz provided to receive the con-
tainer wilh the sample, The lower part of this well
is surtounded by two coaxial Pyrex vessels, P, The
inner vessel containg the ice-water system in which
ice melts when heat i3 added. The outer vessal in-
sulalez the inner vessal from the surrounding ice
bath, E. The vesssla are acaled to the rmets) caps by
Apieron “W"' wax, and the spacc between them is
filled with dry carbon dioxide at the pressure of the
atmoszphere, A specially designed gate G, prevents
a transfer of heat by radiation frem above the calo-
rimeter down through the eeniral well. An iece
mantle, I, iz frozen around the ceniral well in the
inner vessrl by introdueing a tube filled with solid
carbon diexide {dry ice) into the well, The shapa of
the ice mantle and the rate of freezing are controlled
by adjusting the amount of dry ice in the tube and
e thermal contact hetween this tube and the well,
The ice mantle i8 frozen around the centrai wall and
the copper vanes, F, the vanos serving to speed ther-
mal equilibrium in the inner vessel. & vahes
central well, and metal capa are tinned to avoid con-
taminetion of the pure air-free water in the nner
vesgel, The inner vessel i= connected to the oulside
through mercury, M, which commects to the beaker
of mereury, B, and glass capillary, C. When heat is
pdded to the mner vessel contalning the ice mantle
and surronnding water, ice melis, cansing meroury
ta be drawn into the calotimeter. This amount of
mereary i8 proporitionsl to the heat added, the pro-
portionality eonstant being & fundamental physical
constont which waz determined by electrical cali-
bration cxperiments. One gram of mercury was
i_“oumnd?tu be equivalens to 270,45 £0.03 shsolute
onles.
! There are several details of the construction of the
ica calorimeter which will be mentioned here as an
ald to Lhose making ice calorimeters of similar design.
The meccury-water interface is loeated in the bottom
part of the inner vessel for two reasons.  Firat, the
ores of the interface 13 lurge, so that for a given influx
of heat, the level of mereury in the celorimeter
changes vory lictle.  The calorimeter and its contenta
ure alightly eompressible, so thet a changa in pressure
in the calorimeter results in & change in volume that
must be distingmished from the change in voliume
dua to heat input. With the present calorimeter,
the effect of this change in pressure is only 0.004
eent of the calibration factor. A second resson
or locating the moreury-water interface in the
bottom of the calorimeter is to avoid danger of
breaking the inuer glass vessel when freezing en ice
mantle. During this freezing, the metal cap is colder
than 0% C a0 that if there were water in the small
tube leading from thiz vessel, iee might form to
block the tube. During an experiment, any mereury
entering the iee ealorimater nuist be at the tempera-
turc of the latter. Coil T serves this purpose, acting
03 & reservoir holding more mercury than is used in
any experimnent.
" Thid Esedit (which La Far the " desl iwm}mlmmrwuhnnahugrmm
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The calorimeter wall, inside the inoer plass vesse],
will be considered in two pacts. In the lower l!iuirl;,
short copper eleeves {8 mm high snd 1 Tom t ck}
were fitted around the -::entrn.l well to separate tha
cl} per fins during assembly. These copper sleeves

halp also to distribute the heat from the sample overa
greater part of the ice mantls. In the upper part
of the calorimeter, thin copper-nickel alloy sleeves
were used instead of copper to minimize heab ron-
dustion upward.

Particular eare muet be taken in the design of the
waX seals between the plass cylinders and the metal
caps. First, the metal caps should preferably be
made with a materinl having a lew tempernture
coefficient so thet the distance between the plass
ﬂnd metal can be made small, making the wax joint

5 The glass should be ground to o true
(!-’3’11[1 Tics) shapa where it fita ingide the metal cap.
A tolerance an this fit should be allowed for differen-
tial expansion over 50 to 100 deg O, For the most
aneyrate resulis, it scems to be better to keep the
calorimater at the ica temperature at all times. One
iee mantle can be used over & period of several days
if pracantion i3 faken to protect the tﬁf of the ice
mantle from excessive melting due to defectiva ice
bath above it. It must be emphasized that Lhe best
operation of the ice celorimeter is obtgined when the
water in the calorimeter i3 pure snd free from dis-
aolved gas. A bubble of gas in the calorimeter
cannot be tolerated for acenrate work. It is believed
desiralble to avoid small crcvmes in the conatrzction
of the ealorimeter. tinning of metallic
parta of the calorimeter aﬁe:;ld accomplish ihis as
well a2 avoid contaminstion of the water.

The furnace is shown in position over the icc
calorimeter in figure 6. It is designed to minimize
termperature pradients 1 the region where the con-
tainer {with sample) is mispended. In this way, it 13
possible o assume the temperature surrounding the
container to be the tempersiure of the conlainer.
The furnace hester waz made in three separste
gections corresponding in elevetion to tha threa silver
cylinders, which were located inside the alondum, as
indicsted by J, K, and L. By mamtaining the
cylinders J and Li et the sume temperature as the
cylinder K, the temperature gradient in K con be
made neglicible. The silver c¥linders are supporied
by porcelain spacers, Y, haviog low thecmal con-
ductivity. Coaxially with the silver and poreclain
evlicders gre Ineonel iubes which serve to enclosae
the sample conlainer and its suspenaion wire
(4 W, ;. No. 32 Nichroms V), s that an stmos-
phera of hr:-lmm can be used in the furnace tube, as

well 8= in the calorimeter well, in order to minimize .

the time required for the snrppIe container to come
to thermal equilibrium with its surronndings.

Fravex 6. Ixagram of the furnace and toe calorimeler.
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Fizure 6 shows aome of the wertieal holes, N,
drilled through the silver and porcelnin and placed
%) deg apart szimuthally, ',Fheﬁa hales contain
the platinum resistance thermometer, the platinum-
rhodiumm thermocouple, abd the differentinl thermo-
rouples between the end silver cylinders, J and L, and
the central eylinder K. In ome of these holes are
pleced thres small awdliary heaters, located at the
elevations of the three silver cylinders. With these
henters, it is possible to avoid troublesome lag in
the muin heater and o control the centrel silver
cylinder to 0.01 deg. The end silver eylinders ara
maintained within a few tenths of a degree of the
central silver cylinder.

The suspension of the container, I}, in the furnace
and its drop into the calorimeter is similar to thal
deacribed esrlier [5, 6], The br&kingr startz saiter
the container enters the celorimeter.  The weight of
the falling systcm is kept constant in all experimentsa.
Two thin ﬁatinum ghields, 5, are sttached 1o the
srual?e:nainn wire just above the container in order to
male heat trapsfer upward {(after the drop) cssentially
the pame whether or not there iz & sample in the
container.

Up to snd including 800° O, & strain-free platinnm
rezistance thermometer is used to messure the
temperature of the central silver eylinder that
aurrounds ihe sample conteiner. Between 600 and
800° C, a platinum-platinum—10_pereent rhodium
thezmocouple 13 wvsed. Both thermometer and
thermocouple sre calibrated frequently.

Bacauge the temperalure of the sample container
is not directly measured, it i3 necossary to allow
sufficicot time for the container to reach the tempera-

ture of the silver eylinder. Two types of tests are
made to prove that the time is adequate.  First, the
minimum time iz sstimated from test exporiments
with the sample container suspended in the furnace
g relatively short time. Second, in the regular
experiments, the time intervals in the furnace are
slwaye varied so that any significant trend in the
result= with time will ba detected.

4.2, Resulis

The resulis of &ll the individual measurements
with the furnwce and ice calorimeter arve given in
table 4. (No valucs wore discarded,)  These meas-
urernents were on only ona speeimen of alnminuin
oxide, taken from Lhe Calorimetry Conference
sumple whose preparation is described in gection 2.
Specific considerations in wrmiving at the values
tabulated will now be discussed. )

The furnece temperatures are given in column 1
of the table. At and below 600°C these nre us
indiceted Ly a strain-free pletinuim resistance ther-
mometer calibrated at the Burenu. Icc-point read-
ihgs of the thermomater, taken several times during
the series of measurements on alominum oxide,
showed an over-all change equivalent to only 0.005
deg. This makes it seern nunlikely that & mueh
greater change occurted in the temperatures indi-
cated by the thermometer in the range above the
iee point. Recent tests at different dopths of immei-
sion in the furnace led to the belief that with the
immersion that was normally used, the thermameter
was brought. to the temperature of ils surroundings,
‘i‘igl{:-lrg% included the sample, within 0.1 deg even at
G "
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For Lhe temperatures above B00°C it was necessary
to rely on the clectremotiva foree of o platinum—
H} percent platinum-10 percent rhodium-thermo-
colple. Throughout the measurements on glumi-
num oxide there was no essential nhan.%c in the
clectromotive foree of this thermocouple found for
£ given resistance of the thermometer, snd henece
presumably no essential change in the ther:momu(!)le
calibration. This was over range up to G00°C
whera the twa instruments were frequently compared
in order to defect any sudden shift in the ealibration
values of either. In addition, the thermocouple was
calibrated up to #00°C at the Bureau independently
of this thermemeter at the beginning and again at
the end of the messurements on aluminum oxide.
Thera were thus in effect thres independent calibra-
tions of the thermocouple, any twe of which disagreed
in their temperaturs indications by smounts which
werp approximately the same at the different tem-
peratures. The two ealibrations made before and
after ihe enthalpy messurements indicated for w
given eleckrornotive force & temperature respactively
0.1 deg higher and {above 500°C} 0.5 deg higher,
approximately, than indicated hy the comparisons
with Lhe thermometer in the furnece, (Even if the
thermocouple ealibration did not reelly change during
this inferval, & discrepaney of 0.5 deg is well within
the tolersnce within which these calibralions are
certified ) Although the comparisens with tha ther-
mometer were not made above GOD'C, the depth of
immersion and tempearature gradients of the thermo-
couple were naturslly more like those during the
enthalpy messurements.  Therefore the thermio-
couple calibration adopted sbove G00°C was made
to eonform to the resulte of these comparisons with
the thermometer in the furnace, by teking the tem-

tures o be 0.1 der lower than indicated by the
wnitial thermocouple calibration or, what is the same,
0.5 dee lower than indieated by the finsl thermo-
oouple calibratiom,

e results of individoal heat measuremenis are
given in columng 2 and 3. For each tempersture
these are listed in the order in which they were
detarmined, and no entey in eolutnn 2 has u apecific
rolation to any entry in column 3. These values are
based on & corrected calibration factor of the iee
celorimeter of 27048 absolute joules per sram of
mercury {scc section 4.1) and bave been corrented
ns fully ra possible except for the heat lost in the
drop into the calorimeter. This heat loss vary neatly
cancels ot in subtracting the values of eolumn 2 from
those of colomn 3 to obtain the net heat dus to the
sluminum oxide sample.

The corrections that wers gpplied to the heat
values are all minor. All masses were corrected to
g vacuum basis, The small calorimeter hort leaks
{nvernging ahout 2 j/hr) were found by interpolation
fromn rate mesasurements before and after the run.
In a few caszes it was neccssary to norrect for very
small deviations from tha noomnal furnace tempera-
tures. Thouph the sealed container was filled with
helium at 1 atm pressure at room temperature, the
internal prossure increased up to 4 atim ab the highest
tomperatures; bowever, the correction of the heat
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change to that at & constant pressurc of 1 stm wag
shown thermodynamically to be well within the ex-
erimental error, and wee neglected. “The smali dif-
erences in messes of all metallic pertz of the falling
gystem, between the runs on the empty container
end those on the container with sample wera cor-
rected for, as was also the heliom displaced h}r the
volume of the sample. The capsule was weighed
at the beginning of each dey, and eorrected for the
small increazes due to oxidation by traces of oxypen
in the helivm atmoesphere in the fernsce, using the
dilferences in enthalpy between Fo and %F‘naﬂ,, [20].
These are adequate for the present purpose bocense
the corrections are extremely small. The total cor-
rection for these ineonstant massea of materials
averaped 0.02 pereent, and did not exceed .05 per-
cent of the net heat due to the saTI}ﬂc.
The observed heats due to the aluminum oxide
alona are listed in columm 4. Each such valia is the
differonce between the correaponding mean values
for the sameg tcmperaters in the two é}fﬂﬂ:&diu
columna divided by the mass of thesample. Smoothe
values of relative enthalpy were obtained by usin
these un=smaothed values to derive, by the meth
of least squares, the coefficients of an empirical
uation. Considering that the precision, In tcrms
of abuolute joules per gram, is almost indepandent of
torpernture, cach value in colurmm 4 was mven equal
m‘ii]gj;t-. The resvlting equatilon, giving m abaolute
o per pram the enthalpy of alumionm oxide at
{2 U in exeess of tho enthelpy at 0% C a8 found hy the
high-temperature measurements only, is

H—Hpe=1.4479781—1.6777 {10t}

—460.315 Jopy, [{f1+273.16)/273.18]. (2}

(As diseussed in section 5, this equation doss not
seree cxactly with the final values of heat capacity
between 0% and 125° C adopted in this paper and
given in tabls 5.) . . .

Values calculated from this equation are listed in
column 5 of table 4 and the apresment with the
obaerved values i shown in column 6. )

There are obvious advan of expressing the
results of zuch measurements by & simple stupirical
equation, especially for conrenience of interpelation
end for enalytical derivation of other properties.
The three constacts of eq (2 ware derived from
11 experimental valoes, Nevertheless, it should be
pointed out that this equation representis the un-
smoothed dats without sppreciabie trends with tem-
perature, and therefors is probably as reliable as any
numerically derived representation of the high-
temperature results. The deviations (eolumn B),
which vary from (.10 percent &t 50 fo 0.02 percent
at 806° C and sverage 0.03 percent, are of the sama
order of magnitude a9 the precision indieated by the
individual runs. In fact, the form of eq (2) haa been
found [21] fo represent in this temperature region
precise enthalpy data of a number of crystalline
substances, including aluminnum oxide, more closely
than several other similar thres-constant forme of
equation that have been proposed for general use.




4.3, Reliahility and Comparison of the
High-Temperatnte Besults

Evidencs as to the probable accuracy of the values
of relative enthalpy given by eq (2{ and of hest
eapcity given by 1= derfrative can ba obtained from
threa sources: (1) the reproducibility or precision of
the measurements, {2) an examination of the likely
systematic errors, and {3) the agreerment among
different observers, ]

Taking into proper statistical account the effect of
* the precisipon st a given temperaturs in the individual
tuns on the empty container and alao thoss on the
container with sample, the probable arror (precision)
of the mean wsmoothed net enthalpy of aluminum
oxide at g given temparature, relative to thet at 0° C,
ean be shown from the date of table 4 to average
£ 0.05 abs j g1, the maximum, being twice this great.
Thie corresponds to a variation from -+0.10 pereent
ot 50° C to £0.01 percent or leas at 300° C pnd above,

It is noteworthy that the absolute magnitude of
thia precision (i. ., in absolute joules per pram) is
appmximat.alg constant and shows no systemstic
variation with temperature, ‘This indicates that the
aceidentsl error probably arose largely in the per-
formance of the ice calorimeter, omly n small part
being attributable to the fumace varizghles whaose
affect would normally be expected to he strongly
dependent on temperature. As the heat capacities
of mest substances do not chanpe by large factors
between 09 and 800° C, it follows that the present
high-temperature apparatus is capable of measuring
i Tneah heat capacity over s specified temperature
interval almost se precisely st high as at low tem-
peratures, even though at high temperatures the
determination may be based on a similar differenca
hetween two very heat quantitics. These facts
strongly suggest alse that the precision of measuring
with the ice calorimeter the enthalpy per uri mass,
at one given {urnace temperature, could be increased
greatly by prggurtiona.tnly increasing the size of
samplec measurad.

In the present measvrements oo aluminum oxide,
the mean unsmocthed lLest capacity between two
successive: temperatures (50 to 100 deg apact) is
found to have a precigion corresponding to a probable
error averaging spproximately =0.1 percent. The
differences between the ynsmoothed values and those
ealeulnied from aq (2) are comparahle, excapt for the
range 600° to 700° O, where the diference is +0.6

ercent. This sinple relatively lerpe difference may

¢ due to the joining of thermometer and thermo-
wu{:abmnpemture geales in this region. Otharwise,
the heat G:Eacity of aluminum oxide varies so regu-
larly that the emoothing accomplished by cg eg} can
reasonably be cxpected to have reduced the aifect of
accidental errors on the sccuracy of the final values.

Yaorioua sources of systematic error with the ice
calorimeter and furnace were examined. Tncer-
tainties in measuring the tempersturs on the Inter-
nationgl Temperature Seale ara thought not to have
introduced major error except in the region above
800° C, whera the ne dependence on thermo-
couple readings mey have led to errors at 900° C as
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Ligh s 005 percent in the relative mthalfy and 0.2
ent in the heat capacity. The heat lost in the
rop into the calorimeter is estimated to hoave reached
0.5 pereent of the total hest measured at 900° O,
While this should have been nearly the same with or
without the sample present, it is possible thot the
varigtion of the emissivity of the econtainer surface
in these two cases may have caused an ervor of as
much a= (.1 percent m the heat capecity at this
highest tampernture. Other sources of error, such as
varying amounis of oxide on the container, im-
purity m the sample, und uocertainties in the mass
of sample and the ice-calorimeter ealibration faetor,
are 30 smoll that their combined effect on all enthalpy
and heat-capacity wvalues ie thoupht not to hare
exceeded .02 to (.03 percent.

Two comparisons may be made with resulia of
other observers which are accurate emough to be
signifcant here. In the firat place, g pointed out
Mater in thiz paper (section 5 and figure 8}, the hent-
capacity values calculnted from eq (2) are slightly
higher in the temperature region of overlap than the
somewhat more aceurate values determined with the
low-temperature adisbatic calorimeter, A maximum
difference of approximately 0.25 percent ocours at
shout 50° C, but has decreaged to a,gpmximate]y n.l
poreent at 100% C. In the second place, over-all
checks on the seonrnay of the farnace and ice ealorim-
eter, describad elsewhere [2], were carried out by
messuring the mean heat capacity of water between
0% and 25° C and hetween 07 and 250° C. These
results ave lower by 0,05 +0.14 percent and by .02
40.02 percent, respectively, than the corresponding
rezults ohtained earlier at this Bureau of u=e of two
precisa ndiabatic celorimeters [13, 23]

Considering the foragoing evidence on reliahility,
an estimate was mede thal the valees of relstive
enthalpy piven by eq (2) can be assigned an unoer-
tainty corresponding to & probeble crror of 0.2
percent. Similedy, it 18 believed that the probable
error representing the uncertainty in heat capacily
calenlated from eq (2} may bo considered to increasze
from 0.2 percant at 100° C to 0.4 percent at
B00% C. Below 1007 C and above 800° C thera muat
be somewhat increased uncertainty in the heat-
capacity values obtained froin eqg (2), owing to the
added uncertainty in the derivative of an empirical
function near the enda of ita range of validicy.

Most of the measurements of heat capacitics ab
high temperaturea arc made by the “drop™ method,
giving enthalpies referred to either 0° C or room
temperatore, It 1s for this reason that the results of
the high-temperature measurementa on aluminum
oxide are compored to the resulte of othar investi-
gators on the basis of the observed enthalpv differ-
ence over & large temperature intervel, rather than
the derived trua heat capacities.  (The results of the
low-temperature measurements of eothalpy were
comparad oh the basiz of true heat capacities becanse
the wxperiments were made over 8 {coperature in-
terval of only a few degrees, so that the results re-
quired only very little correction to yield true heat
cepacities.) Figure T gives the deviations of indi-
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vidual experimental results of different ivestigators | iz considered generally s&ti.ﬂfact.m;yh. considering that
at high temperatures from the final NBS smaoothed | the 1947 results were obtained with entirely different
values of Hy—H, °(C obtained from table 5 given | calorimeiric equipment believed to be less aceurate,
lIater in this paper. In the cases where the measuvred | Although the cstimated aceuracy of the NBS~1947
enthalpy changes were referred to 25° C, the NES | rosultz was 0.2 percent (exeept below 100° C), the
reqults were used Lo convert them to the 0% O refer- | two sets of resulls agree within ghout 0.1 pereent
ence, No aifempt has becn made to include the e:me% near 100° €. The six experiments of Oriani
results of all investigators because the earlier mens- | and Murphy [23] agres with the NBS results with
Urements are gener. ilm aeeurate. Only messure- | an average deviation of about 0.2 percent, which
ments reported in the past 20 years are showm. | eeems to be about the precigion of their measure-
Refcrences to earlier high-tempersiure messurements | ments. The measurementa of Shomate and Naylor
on aluminum oxide are given in a previous publication | [24] are consistently higher than the NES results,
[5]. averaging about 0.5 percent. On the other hand,
The smoothed resulte above 100" C, given later | Shotnate and Cohen [25], with a different apparatus
in table 5 and serving as the base line in figure 7, are | agres with the NBS measurements at 400° to 500° C
based mostly on eq (2), which was derived from poly | but are 0.5 percent lower between 800°% and §00° (.
the present measurements which used the drop | The measurements of E et al. [26] atart near
method. At temperatures approaching 0% €, values | 300° ! sbout 1 percent higher than those of NBS,
derived from eq (2) sre considered to be less aceurate | the difference decreasing at the higher temperatures.
than thoes derived from mceasurements using the | The measuraments nfuﬁ’nlkc.r et 8l. [27] agree with
adisbatic calorimcter. There are differences as | the NBS measurements with an average deviation
large as 0.15 percent between the smoothed resolts | of about 0.2 percent.
using the adiabatic and drop methods in thiz tem- All measuremnente shown in figure 7 except those
perature range whera both metheds were used. The | of Shomate and Naylor were made on samples of
amall positive trend of the deviations of the NBE~ | synthetic sapphire prepared by Linde Air Products
1956 results f{uging drop method) at the lower S[T:lmpa.ny and have a probable purity of 99.93 to
temperatures are duc to the scceptance in this | $0.9% percent. Shomate and Naylor used a sample
region of the results using the adiabatic ealorimeter. | of natural sapphire. It seems very unlikel L]Ea.t.
A discussion of the relative “weighting” of the two | the impurities in the sapphire samples would affect
s¢ts of results in this region in formulating table 5 is | the results shown by as march as 0.1 percent so that
given later. " | the variatipns in the resulta hy the different ob-
In figure 7, the agreement between the NBS re- | scrvers ara prehably due to variations in experi-
gulta in 1847 [5] and the present results (NB5-1956) | mental techniques.
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5. Final Compilation of Smoocthed
Thermodynamic Functions

In arriving at a compilation of smoothed values
representing the resulta of both the high-temperature
measurements snd the low-temperalure measure-
ments, it was nes to decide on “best' velucs in
the temperature range (§° to 100° C) where hath
methods wore used, The diffsrences between the
results using the two methods were small, amountin
to & maximum of .15 perecnt on (H,—Hw o} an
0.25 percent on (. Considering that 50° O was the
lowest temperatura at which messurements were
made with the drop method, the cquations for
{H—Hp o) (rq (2)) and C, (derivative of eq (2))
which were b endtrely on the high-temperature
results, agres remarkably well with the low-tem-
perature resulta in the temperature range shove (° C,
The authors belinve that fue]uw 350F° K, the results
using the adiabatic calorimeter are the more acci-
rate and should be talten as the best NB2 results.
At higher temperatures, the accuracy of the results
using the drop method is mora comparable with that
vsing the adiabatic method. Therefore, the dreop-
method results are given incressing weight above
350° K. The relative weighting is shown in figure
8, which shows deviations of amoothed heat capacit
velues from the final smoothed values given in table
5. At 400° K and above, the heat capacities in
table 5 are based on the high-temperature measure-
ments {eq (10} given later). Below 350° K, the
heat capacitics sre based on the smoothed results
using the sadiabatic calorimeter. The “compro-
mige” range is from 350° to 400° K.

Table 5 lists smoothad valees of the common
thermodynamic properties of o-aluminum oxide—
heat capacity, enthalpy, entrepy, and Gibbs freo
ani‘lggif'—nt & stand pressure of 1 aim and &t
o temperatures sufficiently close to permit easy
mterpolation. Te be congistent with the data as
given in this paper and on which they are based, the
vilues of table 5 are given in terms of the absolute
joule a3 the unit of enerpy?® The values of 1ehle 5

slow the experimentzl range (below 13* K} were
extrapelated using a Debyn heat-capacity function
fit to the axperimental values at the lowest
temperatures, The equation vsed was

c;:u.ﬁam(-l%g} (3)

1) symbolizes the Debye function and 198/7T its
arpument. Although the Debye function gives heat
capacity at conatant volume, it was considered
that €, was sufficiently close to &, for the present
purposa. In the upper temporsture range, though
meazuraments wera actuslly made only up to 1,170°

1 Pezauee 1 hes long bean the costom in Che sppbeations of oemiosl therme-
%}mamh: T o pre 1o calorled, 1t wes recommended by the FElghth
alorlmetry Conferenca 3t Chicage, Minol, Baptember 11-17, 1858 that tha
defimed thermochamical [ Hw 4, 1740 gba |} b used I anob gases. "1l foor
gfu'tluduhia i can Tesdily be convertd to his 2perg ¥ Unlt, Uf one wishes, by
Ivislom by this converalon Iscbar.
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K, the properties are piven in table 5 up to 1,200° K,
their regularity in this tem ture rauge probably
justifying the short extrapolstion.

In order to make the values of table & internally
consistent, except for small discrepancies caused hy
rounding, one more significant is given than
12 juatified by the accurmcy of the messurements.
The thernwodynemic properties were derived directly
from the hest-cepacity values below 400° K and
from the enthalpy equation above this temperature.
It should be noted that in the derivation of the
thermodynamic properties it was assumed that the
temperature scele emploved coincides with the
Lhermﬁdﬁmmic temperatute scale [with 0° Q=
273.18° K, see footnote 4). The two ecales are
known to differ by small amounts which have not
yet been eveloated, and to this extent small errors
m tha propertiea are introduced. In deriving the
Gibba -energy  funetion, it was nocessary  to
agsumme that the absolute entropy at 07 K is zere,
whish iz probably » safe sssumption in the ease of a
sm_ldple fonic erystalline =olid =uch as alominom
oxide.

The walues of heat capacity, enthalpy, enlropy,
and Gibbs fres energy were derived using the follow-
ing thermodynamic rclations:

ag-

Qg_( 5T ). ()
T

H— Ho— J" 2T, )
Fa

§3— St | C30TIT, @

Ff— Hioe=(H}— Hjox) — {82 — Siexc). ()

As mentioned earlier, the thermodynamice properties
helow 400° K were derived from the hest-capacity
values, eq (5) and (8) being evalunted hy tabular
integration, using four-point Lagrangian integration
coeflicients. Below 13° K, the equations were evalu-
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mtegra.ﬂon constants from the values tabulated for
400° K}, are as fnl]uws

Relative enthalpy in the range 4007 to 1,200° K,
in sahaolute joules per mole:

He— Hypap =148 57 T—1.7106{10-% T
—4fi994 87 log ,, T4-82,146.1. (D)

Heat capacity in the range 400° to 1,200° K, in
abaolute joules per degree per male:

Co=148.570—3.421 (105 T—20400.8/T {1

Entropy in the range 400° to 1,200° K| in shsolute
joules per degres per mole:

Sr— Sgox=342.0960 log,, —8.421 10~ T
+2040%.6/ F—883.032. {11}

{iibbs free energy in the rangs 4007 to 1,200° K,
in abaolute joules per mole:

— (Fp— Hjox) =342 09600 T log,, T
+46094.87 log,, T—1011.6034 T

—171059 (107%) T*—61,736.5. (12)
The suthors express their indebtedness to several
ent and past members of the Bureau: to F, W,
chwab for § Pmpm‘ation of the snmple, to C. P,
Saylor nnd B F. Scribner for the analyses, snd to
Anne F. Ball for the measurements and computa-
tions invelving the ice calorimateor.

WasniNgToN, Janaary 14, 1946,
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